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OF CONVEEENT-PLUG EXKAUST NOZZLES 

By H. George mll and William T. Beale 

A n  evaluat ion o f  the Fntemal   performance  character is t ics   of   several  
plug-type  nozzles was obtained  over a range of p r e s s u r e   r a t i o s  from  about 
1.5 t o  30, as part of a comprehensive  experimental  investigation of 
large-scale e m u s t  nozzles.  . .  

3 Plug nozzles, which were designed for nozz le   p re s su re   r a t io s  of 
9.5 and 14 by the. method of c h a r a c t e r i s t i c s   ( c a l l e d  herein i sen t rop ic  
nozzles) ,  had peak tbrust coe f f i c i en t s  of about 0.98. Thrust coe f f i c i en t  

0.98) for values below the design  point .  C o n i c a l  plug nozzles  had peak 
tPlrUat c o e f f i c i e n t s  that were dthh 1 percent of the value f o r  the isen- 
t ropic   p lug   nozz les .  For optimum performance, a plug angle of 60' was 
required for a design p r e s s u r e   r a t i o  of 7 and an angle of 80° was required 
f o r  a design p r e s s u r e   r a t i o  of 18.5. Varying the design of the t h r o a t  
and the throat-approach section altered the peak thrust coe f f i c i en t  3 
percentage  points. Based m an a r b i t r a r i l y  eelected throat area, the 
flow c o e f f i c i h t k " f o r  the conf igu ra t ims   i nves t iga t ed   va r i ed  f r o m  0.80 
t o  0.94, when the flow was choked. 

' I  w a s  re la t ive ly   insens i t ive   to   nozz le   p ressure   ra t io   (var ied   f rom 0.96 t o  

It w a s  shown fn reference 1 that the extended plug  nozzle has good 
thnrst chau'acterist ics  'over a range of pressure r a t i o s  from 1.5 t o  a t  
l e a s t  16. Tbe peak thrust coefficients were about as high a8 those of  
a convergent-divergent  nozzle, and were r e l a t i v e l y   I n s e n s i t i v e   t o  pres- 
sure r a t i o  below the deeign poin t .  These data dfd   no t   necessar i ly  re- 
present  the optimum f o r  a plug nozzle,  however,  because no a t t e m p t  m s  
made t o  refine the design. 

1 

The purpose  of this inves t iga t ion  was t a  determine whether a gain 
in  thrust   coeff ic ient   could be obtained by refinements In plug  design. 

w 
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The plug  variab.les that-ere investigated include p l u g  expansion section 
contour  ( isentropic and conical) ,  conical plug angle, and a rounded 
thraat-approach section. 

The p lug  nozzles were investigated over a range of nozzle  preesure 
r a t i o s  from 1.5 to 3Q; The teentropic  plug  nozzles  (iiesigned by the  
method of characteristic8 t o  provide axial  flow a t  discharge) were de- 
signed f o r  nozzle pressure ratias of 9.5 . a n d  14, knd tha conical  plug 
nozzles, for nozzle pressure r a t i o s  ranging from 4.8 t o  19.2. The coni- 
cal plug angle w-gs varigd from 40° t~ 8Qo " 

APPARATU3 AmD I N S m A T I O m  

Nozzle Configurations 

Ieentropic  plug  nozzles.  - A n  exploded view of a typ ica l   i sen t ropic  
plug n o z z l e   i a  ah- In figure l (a ) .  a$% sections (dowpstream of 
t h roa t )  of theae nozzlea were designed by the method of. cha rac t e r i s t i c s  
(re.f; 2 )  for nozzle pressure r a t i o s  of 9.5 and 14. No Boundary layer 
correct ion was applied, and the t a i l  of the plugs wa8 cut aff a t  a emall 
diameter t o  reduce the length. The coordlnates for each  nozzle are " 

l i s t e d  In figure 2. The design preeeme; ratio and throat m a a  are 
l i a t e d  in t a b l e  I. Xu ol.aer"ko.  BFmplify the uae of the air-flow data, 
the th roa t  area usFJa i n  the c a l c u l a t i m s  wae defined as the annulus area 
between the outer  shell exit and t he  plug in  a p l h e  perpendicular to tho 
nozzle axier . 

Conical p l w  nozzles.  - The 10 caiical plug  nozzle canfigurationst 
invest igated are listed lp table I a$ong with t h e i r  r e s p c t i v e  component 
par t s .  An exploded aeeembly of a typical configmation is shorn In 
flgure l ( b ) .  The cmponent p a @ ~ . g f  each. c_qqfl&gqatlan cmsieted of a 
spool piece, an ou te r  shell, and a plug.  The dimenaims of the variaus 
parta  used t o  make up the canfiguration are shorn in figure 3. ,Plug 
angles of 4Q0, 50°, 60°, and 80° w e r e  invaetigated.  The 400 plug wag 
designed f o r  pressure e t i o a  qf 4.8, 7!7J &0!3,.d 19.2 (pressure ratio 
corresponding t o  ou te r  shell axit t o  twoat area r a t i o )  The 50°, 60'; 
and 8Q0 plugs were d e s i s e d  f o r  press-. r a t i o s  o f  approximately 7 and 
18.5. The t h roa t  area ier defined In the erame manner ae for the igentropic 
plug  nozzlee. - ,  

InstMrmentatian 

Pressures and fempemtures were measured a t - v a r i a u s   s t a t i o n s  which 
are ind ica t ed  In f i v e  4 .  Total-  and wall sta t ic -pressure  measurement6 
a t  statim 1 and t o t a l -  and s t a t i c -p res sq -e  measw%rnente (stream and wall 
s t a t i c )  a t  station 2 were uead t o  compute i n l e t  momentum and a f r  flow, 

.- 
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respectively. Total  pressure and temperature were  measured a t  the 
nozzle inlet (station 3).  Ambient-exhaust-pressure ustrumentatian was 
provided at  station 0, a d  a static-presswe eurvey was made on the out- 
side walls of the bellmouth Fnlet. Wall s ta t ic  pressures were measured 
along the  surfaces of each of the plugs (from maximum diameter t o  d m -  
stream t i p ) .  

InstalUtion 

The nozzles were inwballed in 8 tes t  chamber  which was connected t o  
the  laboratory combustion a& and altitude exhaust facil i t ies  as shown 
in figures 4 and 5. The nozzles were bolted t o  a mountFng pipe which 
was freely suep6nded bjTlour flemr6 rods t”b were connected t o  the bed 
plate. Pressure forces acting OB the nozzle and m o u n t h g  pipe, both ex- 
ternal and internal, -re transmitted f’rm the bed plate through a flexure 
plate-supported bel l  crank &d linkage t o  a balanced-air-pressure  dia- 
phrae  force-measuring cell .  Preseure difference  across  the nozzle and 

which separated the nozzle inlet air from the exhaust. A vent line be- 
tween the two labyrinth  seals and the tes t  chamber decreased the  pressure 
differential  across  the second labyrinth and prevented a pressure gad i -  
ent oh the  outside af the  diffuser  section due to an a i r  bl&st f’rom the 
labyrinth  seal. 

2 mounting pipe was maintained by labyrhth  seals around the mounting pipe 
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5 PROCEDURE 

Performance data f o r  each canfiguration were obtained over a range 
of nozzle  pressure ratios  at  a constant air flow. The nozzle pressure 
ratio was varied from about 1.5 t o  the maximum obtainable. hbximm 
pressure ratio varied f r o m  configuration t o  configuration because of the 
varykg  throat  areas and the limited air-handling  capacity of the sir 
supply and exhauster equipment. 

The thrust  coefficient was calculated by dividhg  the  actual  Jet 
thrust by the  ideal thrust. The actual jet t h rus t  was obtained from the 
force meaeursd by the balanced-air-pr~ssu-di&p~~~ and f r o m  pressure 
and temperature measurements made throughout the tes t  setup. The ideal 
Jet  thrust was calcul&ted aa the product of the measured  mas8 flow and 
the  isentropic Jet  velocity baeed on the nozzle  pressure ratio and the 
inlet temperature. The  methcdb of calculation used in this report and 
the e,m3~ols are shown in appendixeaA and B, respectively. 
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ce  Characteristics 

Isentropic plug nozzles. - The isentropic  plug  nozzles  were  designed 
by  the  method  of  characteristics  to  provide  axial  flow  at t h e  nozzle 
discharge.  The  thrust  coefficients  0ver.a range of nozzle  pressure ratios 
for  two  isentropic  plug  nozzles  (design ~XWBS~ZXW ratios  of 9.5 and 14) 
and a convergent-divergent  nozzle  (design  pressure  ratio of 16, ref. 3) 
are  shown  in figure 6. The  isentropic plug nozzles  had a peak  thrust  co- 
efficient of about 0.98. Thrust  coefficient was relatively  insensitive 
t o  nozzle  pressure  ratio  for  values  below  the  design  point, v a m g  from 
only 0.96 to 0.98. This  characteristic was eimllar to  that  obtained  pre- 
viously (ref'. 1). The  peak thrust coefficients  Were,  however,  about 2 
percentage  pointe  higher  with  isentropic than with  the  conical  extended 
plug  nozzles of reference 1. The peak thrust  coefficients  occurred near 
the  design pressure ratios and were as high as the  value  for  the 
convergent-divergent  nozzle. 

Conical  plug  nozzles. - The isentropic p l u g  nozzle  would be expected 
to have higher  thrust  coefficients than the conical plw nozzle,  provlded 
all  other  factors were equal, because  the f l o w  from the  isentropic nozzle  
is discharged axially, whereas  the  flow frm the  canical  nozzles is not. 
The  isentropic plug nozzle  performance  therefore  serves as a reference 
for  comparison  with  other  types of nozzle  designs. The isentropic plug, 
however,  would be d i f f i c u l t  to  construct  because of the  complex  curva- 
ture of the expansloll section.  To  Bee how  closely  the  performance of a 
simple conical  plug  -which  could  be easily constructed  would  compare 
with  that of the  isentropic  plug, varFous conical  plug  nozzles  were 
a l s o  investigated. 

As a first  approach, a 40° plug WBB chosen  becaufle  it m s  about the 
88me length .as  the  isentropic plug. The  thrust  coefficients of a 40' 
conical  plug  nozzle  designed for pressure  ratios of 4.8, 7.7, 10.3, and 
19.2 are shown in figure 7 plotted  against nozzle  pressure  ratio.  The 
design pressure  ratio is the pressure  ratio  corresponding to-the ratio of 
outer ahel l  exit--area  to  throat  area. The peak  thrust  coefficiente, 
which  occurred near the deelgn pressure  ratios,  were  several  point8 
lower  than  the  peak  thrust  coefficients of the  ieentropic  plug  nozzles. 
Generally, there.wae little  variation in tbrust  coefficient  with presmre 
ratio  (about 2 percentage  points)  for  values  below  the  design  pressure 
ratio.  The 40' plug  nozzle  had a peak  thrust  coefficient of 0.97 f o r . &  
deeign  preseure  ratio of 4.8, but at a design  presaure ratio of 19.2 the 
peak  thrust  coefficient  had  decreased to 0.94. 

The flow angles i n .  the  vicinity of the  isentropic plug  nozzle  throat 
were greater than 400, which  suggested .that. hi&her.  conical  plug angles 
might  give  better perfoxqgce .. .,The .tWAs&- coeff.iciepta _ f o r  nozzles with -I .I 

UNCUSSIFIED 
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plug angles greater than 40' are shown in f i g u r e  8 as a function  of  noz- 
z l e  p re s su re   r a t io .  Data are shown f o r  40°, 50°, 60°, and 80° canical 
plug  nozzles  designed f o r  nozzle pressure rat ios   of   approximately 7 and 
18.5. The 50°, 600, and 80° plug  nozzles  had higher performance  over 
the range  of  pressure  ratios than the 40' plug  nozzle.   Thrust   coefficients 
above  0.96 were obtained up t o  a pressure ratio of about 30 with the 
nozzles  having a high design'  pressure rat io .   General ly ,   p lug angle had 
l i t t l e  or no effect on thrust coef f i c i en t  a t  p r e s s u r e   r a t i o s  below the 
design  point .  

The effect of plug angle an peak thrust coe f f i c i en t  is shown in 
f igu res   9 (a )  and 9(b) .  These curves w e r e  obtained  by  cross   plot t ing the 
da ta  of figure 8. The peak thrust coef f ic ien t  for the i sen t ropic   p lug  
nozzles  is shown by a dashed line. These r e s u l t s  show that a conical  
plug  nozzle has a peak t h r u s t   c o e f f i c i e n t  which i s ' on ly  1 percentage 
point lower than that of  an i sen t rop ic  p lug  nozzle.  The peak thmst co- 
efficient w a s  more s e n s i t i v e   t o   p l u g  angle f o r  a design p r e s s u r e   r a t i o  o f  
18.5 than for a des ign   pressure   ra t io   o f  7. A 60° plug angle gave the 
highest  performance f o r  a des ign   p re s su re   r a t io  of 7, while a plug angle 
of 80' gave the b e s t  performance a t  a design preseure ratio of 18.5. 

Ef fec t  of T h r o a t  and  Throat-Appmch  Section on Performance 
-b Two conical plug  nozzles  designed  for a pressure r a t i o  of 10 were 

chosen t o  show the e f f e c t  of throat and throat-approach section on 

herein, i s  denoted as configurat ion F in reference 1. The ou te r  shell 
exit ( th roa t )  is located a t  a sharp corner on the plug (888 sketch, fig. 
10 ) .  With th i s  arrangement a Prandtl-Mepr  expansion u&s induced  around 
the plug  corner. The other nozzle, which is r e f e r r e d   t o  as the rounded 
plug, is the 40° plug  nozzle  reported herein. The throat-approach sec- 
tion of t h i s  plug was rounded so  that the sharp corner a t  the t h r o a t  was 
eliminated. The curved  portion of the plug became tangent a t  the conical 
expansion  section  just   upstream of the throat (see sketch, f ig.  10).  
The effect of these two designs on the pressure   d i s t r ibu t ion   a long  the 
plug is shown in figure 10. 

7 nozzle  performance. One nozzle,  which is designated the sharp  plug 

The Prandtl-Meyer  expansion of the flow around the corner on the 
sharp plug  nozzle  lowers the preesure on the plug Burface considerably 
below thElt of  the rounded  plug. Therefore, it would be expected that 
the sharp  plug  nozzle would have the lower thrust coefficfent  because 
of the lower pressure   force  the plug. The t h r u s t   c o e f f i c i e n t s   f o r  
these two nozzles  are shown as a funct ion  of  nozz le   p re s su re   r a t io  in 

efficient which wa8 as much as 3 percentage  points higher than that of 
t h e  sharp plug  nozzle .  In addi t ion,  the t h r u s t   c o e f f l c i e n t s  at pressure 

% f i g u r e  11. A s  expected, the rounded plug  nozzle  had a peak t h r u s t  co- 

I r a t i o s  below the design  point  were a l s o  higher f o r  the rounded  plug. 
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Air-Flow P a r m e t e r  

The a i r - f l M  p&%.Mter f o r  a l l  cohfigumtions is plot ted against 
nozzle pressum rat io  in f igure  12. The t h e o r e t i c a l  value of t h e   a i r -  
flow parmeter (0.344 lb/sec/eq in. ) f o r  choked f loU is shown by a dashed 
l i n e .  The r a t i o  of the e x p e r h e n t a l  air-flaw parameter t o  the  theore t i -  
cal   value gives flh coe l f i c i en t s  f o r  these cmf igura t lone  ranging from 
0.80 t u  0.94 when the flOw is choked. To s impl i fy  the uee of the  air- 
flow data the throa t   a rea  used i n  the calculat ion of the  air-flbtr p8ra- 
meter was def ined a s   t he  annulUS area between %he oiiter &e11 e x i t  and 
the  plug iil &l p l a n e  IfiBrgejnaicula~ .tu .the nozz-le.. dgia.  %is .area was 
grea ter  than the ac tua l  flow arba, ahd consequ&t;ly the  flow coeff i c i k t s  
were lower  than f o r  kimple cdnvWgeh€.-divergnt  nozzles, 

SUMMARY OF RESULT3 

The i n t e r n a l  performance charac te r fa t ics  of fleveral  plug type noe- 
z l e s  were obtained  aver a range %f pfe8sure fratioe from 1.5 t o  30. The 
isentropic  plw nozzles de&igned by the method of cha rac t e r i s t i c s  to 
produce a x i a l  flow a t  the nozzle discharge   for  nozzle pressure r a t i o s  of 
9.5 end 14 Ead Be&E th rus t   coef f ic ien ta  of abmt (3.98. The peak th rus t  
coeff ic ient8 occured near the desi@ preesure r a t i o s  and were aB high as 
those of convergent-divergent-  nozzles. The t h rus t   coe f f i c i en t  m e  re la-  
t i ve ly   i neene i t ive   t a -  pressure ratio-below  the  design  point,  varying 
only from U.96 to- U.98; " - - 

. . " . . . . . . . . . . - . . . " . . . -. . - . . . . . - 

I- 

The conical plug nozzles, which a re  simpler t o  manufacture, had 
peak t h a t  coef f ic ien ts  that were withfn 1 percentage point of the peak 
value for the   isentropic  plug npzz le .  As the  design pressure r a t i o  was 
increased,  the plug angle f o r  be& performance was increawd.  The coni- 
cal   plug nozzles designed f o r  a pressure r a t i o  uf.7 had beet parfomanca 
with a 60° plug, wherebb the nozzled d e e i a e d  l o r  a pressure   ra t io  of 
18.5 haa bes t  perfoi%&ixx wi-th a plug angle of 80°; 

As expected it vas found that h ighe r   t h rus t   coe f f i c imts  could be 
obtained if the plug  i 1 o E Z l e 8  W W Q  Ciedigned ao that the plug was rounded 
in  t h e  region of  the khroat   ra ther  than having a sharp corner a t   t h e  
throat   aect ion.  The rounded p lug  gave a 3-percentage  point  increase In 
peak thrus t   coef f ic ien t  over t h e  value   for  a p l u  nozzle with a a h m p  
corner at the t h r o a t .  

When the f l o K - w a b  CBOltdd, the  flow Coefficient8 f o r  the c m f i m r a -  
t ions  investigated  varied frm 0.80 to 0.94. Use of the air-flow data  
was simplified by defining the  t b o a t  area u 8 e t . h  the c a ~ c u l a t i w e  of 
t h e   a i r - f l 3  pariiBWa5 as -the- a&-ulus between-the- outer &dl exit"and3 
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the plug Fn a p&ne perpendicular to the  nozzle axis. This area waa 
greater than  the  actual flaw area, and consequently the flow coeffi- 
cients were lower than for simple convergent-divergent nozzlee. 

Lewis Flight Propuleion Laboratory 
National  Advisory Committee for Aeronautics 

Cleveland,  Ohio, A w s t  13, 1954 
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" B D D S  OF CALCUIATIOX 

A i r  flow. - The nozzle air flow was calculated as 

where 7 w a ~  assumed t o  be 1.4.  

Thrust. - 

FJ = 

or ,  as defined 

where ye and 
calculated from 

Fj = 

The jet t h r u s t  WE defined a8 

in the  conventional manner, 

- 
p, are effect ive  values .  The ac tua l  jet thrmsds 
the  equation 

where X'd was ob tabed  from balanced-air-preflflue measurements. 
- 

The idea l ly   ava i lab le  
f low,  waa calculated as 

Fi =.wa,2 

Thrust coef f ic ien t .  - 
of the ac tua l  t o  i d e a l  jet 

jet thrust, which was baeed on measured ma88 
. -  

. . " 

The thrus t   coef f ic ien t  fs defined a8 the  ratio 
thrUBt 

UNCLASSIFIED 
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A 

A ’  

Af 

pbm 

R 

T 

v 

wa 

Y 

6 

outside  area, sq ft 

inside  area, sq ft 

9 

flow area  (annulus  between  outer  shell  exit  area and plug in plane 
perpendicular  to  plug  axie) , sq ft 

pipe  area  under  labyrinth  seal, sq f’t 

plug projected  area, sq f’t 

ex i t  area of outer  shell, sq ft 

thrust  coefficient 

thrust,  lb 

balanced-air-pressure diaphragm reading,  lb 

acceleration due to  gravity, 32.174 ft/sec2 

t o t a l  pressure, lb/sq ft 

static pressure, lb/sq ft 

integrated  static pressure actlng on outslde of bellmouth Inlet 
to  station 2, lb/sq f’t 

gas constant, 53.3 ft-lb/(lb)(%) for  air 

total  temperature, 4z 

velocity, f%/sec 

measured  air flow, lb/mc 

ratio of specific  heat8 

ratio of total  pressure  at nozzle inlet  to  absolute  pressure  at 
NACA standard sea-level conditions 

ratio of total  temperature  at nozzle inlet  to  absolute  femperature 
at NACA standard  sea-level  conditions 
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J 

P 

t 

W 

0 

1 

2 

3 

nozzle exit 

ideal 

Jet 

Plug 

throat 

plug surface or wall 

eXhaust or  ambient 

inlet 

diffuser inlet . .  . -  

nozzle lnlet . - 

. . " " - .. . . . . . . . . . . - . 
.... . 
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Plug angle 

Isentropic 

Isentropic 

40' conical 

400 -conical 

400 conical 

40° conical 

50° conical 

50° conical 

60' conical 

60° conical 

800 conical 

800 conical 

iP1ug 

1 

1 

1 

2 

3 

4 

5 

6 

7 

8 

%umbers refer t o  

4 

3 

2 

1 

3 

1 

3 

1 

3 

1 

%pool 
piece 

4 

2 

1 

8 

e 

7 

3 

7 

5 

6 

1.33 

1.68 

1.98 

2.83 

1.62 

2.72 

1.52 

2.89 

1 S O  

2.58 

,s sham Fn fig. 5. 

Desi- 
weesure 
ratio 

9.5 

14.0 

4.8 

7.8 

10.3 

19.2 

7.2 

18 

6.4 

19.9 

6.2 

16.3 

11 

Throat 
Aft, 

sq in. 
46  .%7 

49.5 

67.04 

36.78 

26.73 

33.74 

38.06 

35.07 

40.62 

32.99 

41.22 

37.31 
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(a) Isentropic plug nozzle. 

(b) Conical plug nozzle. 

Figure 1. - Exploded vieu of nozzles. 
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(a) Isentropic plug nozzle designed for pressure r a t i o  of 9.5. 

Plug coordhEbtee 

-73 

6. 

F l m  

E 3.00 

- 
Y 

0.18 
.25 .35 
-47 
.60 
.74 
-91 
1.09 

- 

- 

- 
Y 

3.95 
4.20 
4.38 
a .42 
4.53 
4 .50 
6 .CZ 

- 

r.zT 

"""" 
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Figure 6 .  - Cornpariaon of thrust coefficielrts over range o f  nozzle pressure ratios for isen- 
tropic plug nozzles designed for pressure ratios of 9.5 and 14 and conical cowergent- 
divergest nozzle designed for pressure ratio of 16. 
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Figure 7.  - Cornparlaon of thruet coefficients over range of nozzle pressure ratio6 for 
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Figure 9. - Comparison of peak thrust coefficients of isentropic  plug  nozzles an(¶ conical  plug 
nozzles over a range of conical plug angles. 
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sure r a t i o s  for sharp and  roundea plug nozzles  designed  for  nozzle 
pressure ratio of 10. 
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